• Where and how do long-term plastic changes underling perceptual learning occur?
range from simple sensory discriminations (e.g., discrimination of line orientation) to complex identifications (e.g., identifying tumors in x-rays) and often last for several years [27] . This suggests that long-term plastic changes occur within the adult brain. Where and how plastic changes occur is one of the most frequently asked question in systems neuroscience, particularly regarding vision [30, 57] . Here, neurophysiological studies that examined the neural mechanisms underlying this type of perceptual learning in non-human primates are reviewed. Due to space limitations, important issues, such as human perceptual learning and the effects of attention, will not be covered, and readers can refer to recent reviews on these topics [43, 46] . 0166 Open access under CC BY-NC-ND license.
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Many psychophysical studies using visual perception tasks have found that learning effects are often, but not always, specific to the stimulus configuration used during training (e.g., the orientation or retinotopic location of the visual stimulus) [15, 19, 26, 38, 47] . Because of this specificity, researchers have suggested that plastic changes underlying perceptual learning occur within the primary visual cortex (V1), where neurons have small receptive fields (RFs) and are selective for simple stimulus features such as orientation. Indeed, for auditory or somatosensory perceptual learning, substantial changes, including topographic reorganization, enlargement of RFs, and sharpening of stimulus selectivity, occur within the primary sensory areas of monkeys [25, 41, 42] . These physiological findings further raise the possibility that plastic changes in V1 may underlie visual perceptual learning.
Neurophysiology of perceptual learning in the visual cortex
Several studies have examined the hypothesis that long-term plastic changes occur in V1 during training and that these changes are the neural basis of perceptual learning. In two of these studies, monkeys were trained on a fine orientation discrimination task around a fixed orientation at a fixed location [16, 48] . Behavioral data from both studies show some degree of location or orientation specificity in performance improvement. After training, the authors recorded from V1 and compared response properties of neurons with RFs that overlap the trained location with those of neurons in the opposite hemisphere. Neither topographic changes nor increases in the number of neurons selective for the trained orientation were observed in either study. Schoups et al. [48] found a slight increase in sensitivity to fine orientation difference, quantified as the slope of orientation-tuning curves, in the trained hemisphere. Ghose et al. [16] reported no such change. Similarly, no change in neuronal characteristics were found using a three-line bisection task in which monkeys judged whether a center line was closer to one of two flanking reference lines [10] . Together, these data suggest little or no change in the sensitivity of single neurons in V1 and indicates that correlates of perceptual learning may be found in higher visual areas.
Subsequent studies examined area V4, a region along the ventral visual pathway associated with a later stage of cortical visual processing, using the same fine orientation discrimination task [40, 59] . These studies reported larger changes in response properties in V4 than in those in V1, including an increase in response strength, a decrease in response variability, and an increase in the slope of orientation-tuning curves around the trained orientation. These changes, however, were an order of magnitude smaller than were the changes in performance observed behaviorally [40] . Thus, it remains unclear whether the modest changes in the response characteristics of V4 neurons could account for the observed degree of perceptual learning.
These physiological studies examined neuronal responses only after the training of a task was complete and compared neuronal characteristics in the trained hemisphere with those in the opposite, untrained hemisphere as an internal control. This experimental strategy may underestimate possible effects of training on neuronal characteristics. Specifically, behavioral data from these studies suggest that learning was not completely specific to the trained location, and some degree of transfer was observed (see Section 4). Thus, if perceptual learning transferred across locations, training at a fixed location in the test hemifield could cause plastic changes in the "control" hemisphere, leading to an underestimation of the effects of training. One way to overcome this difficulty is to examine neuronal activities throughout the course of training and compare the neuronal characteristics of early and late stages of training. Using this strategy in monkeys trained to discriminate orthogonal orientations masked by noise, Adab and Vogels [1] found substantial increases in the sensitivity of V4 neurons that were comparable to behavioral improvements. Although this finding points to the importance of examining neurons throughout the course of training, the mixed results concerning V4 may be attributable to the different kinds of task that were used (i.e., fine vs. coarse orientation discrimination) across studies.
If long-term plastic changes in sensory areas underlie perceptual learning, these changes should occur within an area that plays a prominent role in that task. Thus, ideally, an experiment should use a framework in which the relationship between neuronal activities and perceptual performance is firmly established [36] . In this regard, the middle temporal (MT) visual area, a region along the dorsal visual pathway associated with a later stage of cortical visual processing, is a good candidate for examining the neural mechanisms of perceptual learning. Neurons in MT have been consistently shown to contribute to motion-direction discrimination [5, 6, 33, 45] and binocular depth discrimination [8, 11, [53] [54] [55] . Law and Gold [28] examined the activity of single neurons in the MT and the lateral intraparietal (LIP) areas during training on a motion-direction discrimination task. They did not observe changes in the motiondirection sensitivity of MT neurons during the course of training. Similarly, a recent study from our lab [56] did not find any improvement in the sensitivity of MT neurons to binocular depth during long-term training. Thus, neuronal characteristics in V1 and MT seldom change with training, whereas those in V4 can change depending on the experiment. Possible reasons for this difference between V1-MT and V4 will be discussed later in Section 5.
Changes in the read-out of sensory neurons during learning
Given that there is little or no change in sensitivity occurring in neurons in early or mid-level visual areas, alternative mechanisms should be at work during long-term improvement in performance. Several psychophysical and modeling studies have proposed that perceptual learning can be explained by an adjustment of weights through which basic sensory channels affect decision making [12, 32, 37] . Thus, perceptual learning can occur via improvements in how sensory signals are decoded or read out by decision-making mechanisms. This type of model can also account for the location specificity of perceptual learning because training strengthens sensory channels that are relevant to the task, including spatial location [13] .
The aforementioned study by Law and Gold [28] supports this hypothesis. In the context of the motion-direction discrimination task, the responses of LIP neurons represent decision formation by integrating sensory signals from motion-sensitive areas such as MT [44, 51] . Law and Gold [28] found that LIP responses substantially change with training. Early in training, LIP responses depend only on the monkey's subsequent choice and not on the strength of motion stimuli. With extended training, LIP responses gradually become dependent on motion strength, and the rate of build-up activity increases during training. These characteristics of LIP neurons are consistent with an increasingly selective read-out from sensitive MT neurons.
Along with changes in the neuronal responses of a higher-order decision area, the read-out of sensory neurons can be inferred from the relationship between responses of sensory neurons and the animal's choices; this is often referred to as choice probability (CP; [6] ). CP represents the probability that one could predict the monkey's choices from its neuronal responses. For many perceptual discrimination tasks, the CPs of sensory neurons have been shown to be significantly higher than chance [6, 34, 39, 54] , suggesting the contribution of sensory neurons during a perceptual task. The CPs of individual MT neurons gradually and significantly increase during long-term training of motion-discrimination [28] or depth-discrimination [56] tasks. At the beginning of training, CPs were, on average, near chance, indicating no apparent relationship between MT activity and behavior. Later in training, however, CPs tended, on average, to have higher values, which is consistent with improvements in the read-out of sensitive MT neurons.
Computational studies have shown that the magnitudes of CPs are determined not only by read-out weights but also by correlated firing between sensory neurons, also known as noise correlation [23, 50] . Specifically, CPs are positively related to read-out weights and noise correlations. Thus, it is important to elucidate whether the increase in the CPs of MT neurons during long-term training results from an increase in read-out weight, an increase in noise correlation, or both. Law and Gold [28] recorded a small number of pairs of MT neurons during learning and found that noise correlations did not change with training. Two further considerations favor the increase in read-out weight but not the increase in noise correlation. First, Gu et al. [22] found that training in the fine discrimination of heading direction reduced noise correlations between neurons in the dorsal part of the medial superior temporal area, which plays an important role in heading perception [2] . Second, an increase in noise correlation degrades the sensitivity of the neural population because common noise among sensory neurons cannot be averaged out. This contradicts the improvements in monkeys' performance during perceptual learning.
We tested this second point by simulating the sensitivity of a population of weakly correlated MT neurons (Fig. 1) . A version of the pooling model developed by Shadlen et al. [50] was used (Fig. 1A) . This model simulated the responses of a population of neurons (N = 200) from a single MT neuron that was actually recorded during a depth-discrimination task with a specified noise correlation within a pool (r within). On each trial, the model compared the summed activities of the two pools of neurons with each preferring a near or far depth. The noise correlation was varied from 0.05 to 0.4 in log steps and the resulting discrimination performance of the neural population was examined. Consistent with the above consideration, the simulated performance degraded with an increase in noise correlation (Fig. 1B) . It is assumed here that the noise correlation between neurons across the two populations (r between) was zero, although in reality they were weakly correlated [9] . In fact, CPs depend on the difference in noise correlations (r within-r between) rather than the absolute values of the correlation [35] . The increase in CPs suggests that r within becomes larger than r between, but this relationship also results in degraded sensitivity. The simulation suggests that the increase in CPs during training resulted from an increase in read-out weight and not from an increase in noise correlation.
A significant correlation between CPs and neural sensitivities was observed for both the direction-discrimination and depthdiscrimination tasks in well-trained monkeys such that more sensitive neurons show higher CPs [6, 54] . This relationship implies that MT neurons with higher sensitivity are more related to decision making. For both tasks, the relationship between neural sensitivity and CP gradually developed during the course of training [28, 56] . In addition to neural sensitivity, the magnitude of CPs in MT neurons during the depth-discrimination task depends on a disparity-tuning characteristic. Because the task was to discriminate near versus far relative to a fixation point, neurons selective for either near or far should be relevant to the execution of the task. Indeed, in well-trained monkeys, neurons in MT with an asymmetric disparity tuning (i.e., the peak and trough of the disparity-tuning curves are equidistant on opposite sides of zero disparity) have larger CPs than do those with a symmetric disparity tuning [54] . Our lab has found that this relationship also gradually develops during training [56] . Together, these results are consistent with the idea that perceptual learning corresponds to an increasingly selective read-out of task-relevant sensory neurons during training.
Transfer of perceptual learning
A number of psychophysical studies have suggested that, in many cases, perceptual learning is specific to the stimulus feature used during training. Because of this specificity, researchers have hypothesized that plastic changes in V1 underlie perceptual learning. As reviewed thus far, however, the minimal changes in the neuronal characteristics of V1 are unlikely to explain perceptual learning. Moreover, recent psychophysical studies have shown that perceptual learning can transfer across stimulus features, such as orientation [60] or location [58, 61] , depending on the training procedure. For example, Zhang et al. [61] found that learning an orientation-discrimination task at the fovea transferred to a peripheral location even without any exposure of the stimulus at the peripheral location. These mixed results concerning the location specificity of perceptual learning make it difficult to elucidate where and how long-term plastic changes occur during training. Therefore, it is critical to physiologically evaluate the location specificity of perceptual learning.
Our lab examined whether behavioral sensitivity and neuronal characteristics transfer across visual fields using the depthdiscrimination task [56] . First, two monkeys were trained in depth discrimination at a fixed location. After training at the fixed location, recordings from individual MT neurons with RFs in the opposite hemifield were obtained. Psychophysical performance at the new location was worse than that at the initially trained location suggesting that perceptual learning did not transfer across hemispheres. However, learning at the new location occurred faster than learning at the initial location. These behavioral results suggest that although learning was specific to the trained hemifield, the generalization of learning that enabled fast learning at the new location occurred across visual hemifields.
The sensitivity of MT neurons did not change during training at the new location. Unlike results during the training of naïve monkeys, CPs did not increase during training at the new location but rather were relatively high from the beginning of training. Moreover, the increase in CPs during the training of naïve monkeys was correlated with the learning of a stimulus-response association (i.e., learning of a task rule). Assuming that the monkeys already understood the task rule during the transfer experiment, the increase in CPs during the training of naïve monkeys may be a signature of the learning of task rules. Learning to discriminate weak depth stimuli occurred thereafter and may correspond to the development of the relationship between CP and disparitytuning symmetry. Based on these results, it is proposed that initial training at a fixed location shapes functional circuitry from MT to the decision-making mechanisms in both hemispheres, thereby enabling fast learning at untrained locations. This may be achieved via direct connections from MT to decision-related areas such as LIP in both hemispheres, or via sensory neurons that have bilateral RFs. Most previous studies of perceptual learning have emphasized the specificity of learning and investigated mechanisms supporting such specificity. However, it is now clear that perceptual learning can transfer across different stimulus conditions. Together with our results showing that even neuronal characteristics can transfer across hemispheres, mechanisms supporting transfer should be the focus of future research.
Hypothetical mechanisms underlying plastic changes during learning
The physiological findings reviewed thus far suggest that training can improve how sensory signals are read out in the later stages of a decision process. What mechanisms, then, cause such improvements? Perceptual learning, in addition to other types of learning, is driven by experiencing the association among stimulus, response, and outcome. Reinforcement learning is a learning algorithm that occurs via interaction with the environment through trial and error so as to maximize a positive outcome, that is, reward [52] . A critical signal in reinforcement learning is the reward prediction error, which is the discrepancy between the predicted reward and the actual reward. The phasic activity of midbrain dopamine neurons encodes the reward prediction error [20, 49] and is believed to supply teaching signals for reinforcement learning [52] . A nonzero prediction error can be used to alter synaptic strengths such that rewarded actions are reinforced. Indeed, the local infusion of dopamine induces a long-lasting enhancement of long-term potentiation in the hippocampal-prefrontal cortex in rats [24] .
A model incorporating the reinforcement learning algorithm that modifies functional connections between MT-like sensory neurons and LIP-like decision neurons depending on reward prediction error successfully explained the perceptual and neuronal changes during training of a motion-direction discrimination task [29] . This suggests that the plastic changes in the read-out of sensory signals are mediated by reward prediction error as encoded by dopamine neurons. This result may also account for the minimal changes in sensitivity of V1 neurons with training. In monkeys, dopamine concentrations in the cerebral cortex decrease along the fronto-occipital axis with the highest concentration in the prefrontal cortex and the lowest concentration in occipital visual areas [4, 7] . The weak dopamine concentration in V1 may not allow for synaptic modifications dependent on reward prediction error. Given this perspective, it is possible to infer that differences in dopamine concentration may account for the differences in sensitivity changes between MT and V4. Substantial plastic changes in extrastriate visual areas were observed only in V4 during the learning of the coarse orientation discrimination task. This might reflect a lower dopamine concentration in MT compared with V4; however, a detailed analysis of dopamine concentration in the visual areas has not been conducted.
Further support for a role of dopamine in plastic changes during perceptual learning comes from the study of plasticity in the primary auditory cortex. When electrical microstimulation of the ventral tegmental area, an area that contains dopamine neurons, was paired with the sound stimulation of a particular tone, the representation of that tone in the primary auditory cortex increased [3] . Thus, dopamine causes plastic changes that could potentially support auditory perceptual learning.
Based on our transfer experiment, it is suggested that initial training at a fixed location shapes the functional circuitry for decision making concerning the discrimination of binocular depth in both hemispheres [56] . MT neurons with RFs ipsilateral to the trained hemifield were not obviously activated by visual stimuli during initial training. Nonetheless, MT neurons with RFs in the untrained hemifield had high CPs. Plastic changes due to reinforcement learning beyond areas where neurons have bilateral RFs may account for the results of the transfer experiment. This hypothesis should be tested in future studies.
Conclusion
This article reviewed neurophysiological investigations of visual perceptual learning. Overall, physiological findings demonstrate that the neural mechanisms underlying perceptual learning for visual tasks are completely different from those underlying learning via other sensory modalities. Fig. 2 summarizes the findings reviewed so far. Bold arrows denote that plastic changes occurred during long-term training, whereas gray lines denote that no changes were found. Minimal plastic changes in V1 do not account for the degree of improvements in psychophysical performance during training. The stable visual representation in V1 may reflect the brain's strategy to not affect vision as a function of every visual experience. In later stages of processing, sensitivity in V4 can increase to the extent that is comparable to behavioral improvements depending on task (dashed lines in Fig. 2 ), whereas sensitivity in MT does not change at all. Given that these two areas are at the same level of the processing hierarchy in visual cortices [14] , why do plastic changes occur in one area but not in the other? As discussed in Adab and Vogels [1] , V4 may be more plastic than MT. Testing this possibility requires a deeper understanding of the molecular and cellular mechanisms underlying plasticity, including whether the dopamine concentration differs between V4 and MT.
Several studies, including from our lab, suggest that perceptual learning can be driven by increasingly selective read-outs of the task-relevant sensory signals in decision-making mechanisms (arrows from MT to LIP in Fig. 2) . A reinforcement learning algorithm that is based on reward prediction error can shape such functional connections. Experiments that manipulate reinforcement signals during training and examine the effects on behavioral and neuronal responses would be valuable for testing this hypothesis. Unraveling the mechanisms underlying perceptual learning will hopefully lead to the development of algorithms for effective learning and provide methods for treating impaired vision, such as amblyopia [31] .
